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ABSTRACT 
T h i s  p a p e r  p r e s e n t s  t h e  t h e o r y  o f  t h e  VLF P o y n t i n g  
f l u x  measurement  t e c h n i q u e  u s e d  on t h e  I n j u n  5 s a t e l l i t e .  
T h i s  t e c h n i q u e  c o n s i s t s  o f  u s i n g  o n e  e l e c t r i c  a n t e n n a  a n d  
o n e  m a g n e t i c  a n t e n n a ,  b o t h  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  geo-  
m a g n e t i c  f i e l d  a n d  t o  e a c h  o t h e r ,  t o  d e t e r m i n e  t h e  d i r e c t i o n  
o f  t h e  VLF P o y n t i n g  f l u x  u p  o r  down t h e  g e o m a g n e t i c  f i e l d .  
The c o n d i t i o n s  f o r  w h i c h  t h e  P o y n t i n g  f l u x  d i r e c t i o n  d e t e r -  
m i n a t i o n s  a r e  v a l i d  a r e  c o n s i d e r e d ,  i n c l u d i n g  t h e  e f f e c t s  
o f  e r r o r s  i n  t h e  m a g n e t i c  o r i e n t a t i o n  o f  t h e  s p a c e c r a f t  a n d  
t h e  s i m u l t a n e o u s  p r e s e n c e  o f  many waves .  
INTRODUCTION 
This paper presents the theoretical basis for the VLF 
Poynting flux measurement technique used on the Injun 5 
satellite. A preliminary discussion of the measurement theory 
and technique has been given by Gurnett a,, [1969] and 
initial results of the measurements have been presented by 
Mosier and Gurnett [1969], The purpose of this paper is to 
present a more detailed theory of the measurement method, in- 
cluding an analysis of effects due to errors in the magnetic 
orientation of the spacecraft and an extension of the theory to 
include the simultaneous presence of many waves, 
Poynting flux measurements of VLF radio noises in the 
magnetosphere are of fundamental importance for establishing 
the source regions and emisson mechanisms of these noises. 
The Poynting flux measurement method being considered here 
consists of using one electric antenna and one magnetic antenna, 
both oriented perpendicular to the geomagnetic field and to 
each other, to determine the direction of the Poynting flux, 
up or down the geomagnetic field. This Poynting flux measure- 
ment technique, which can be readily instrumented sn a magnetic- 
ally stabilized satellite, bas the desirable feature sf pro- 
viding the basic Poynting f l u x  infarmatian needed w i t h  the 
minimum number o f  a n t e n n a s  a n d  s i g n a l  p r o c e s s i n g ,  A 
c o m p a r a b l e  d e t e r m i n a t i o n  w i t h  a n o n - m a g n e t i c a l l y  o r i e n t e d  
a n t e n n a  s y s t e m  would  r e q u i r e  a  minimum o f  f o u r  a n t e n n a s  
( s e e  d i s c u s s i o n s  b y  S t o r e y ,  1 9 6 7 ;  a n d  Shawhan,  1 9 7 0 )  a n d  con-  
s i d e r a b l y  more  c o s t l y  s i g n a l  p r o c e s s i n g  on  t h e  g r o u n d .  
The P o y n t i n g  f l u x  m e a s u r e m e n t  method d e s c r i b e d  i n  t h i s  
p a p e r  h a s  b e e n  s u c c e s s f u l l y  u s e d  on  t h e  l o w  a l t i t u d e  ( 6 7 7  
t o  2 5 2 8  km) p o l a r - o r b i t i n g  I n j u n  5 s a t e l l i t e .  A d e t a i l e d  
d e s c r i p t i o n  o f  t h e  I n j u n  5 VLF e x p e r i m e n t  i s  g i v e n  b y  
G u r n e t t  e t  a l e  [ 1 9 6 9 ] .  
--
11. POYNTING FLUX MEASUREMENTS FOR A SINGLE PLANE WAVE 
I n  t h i s  s e c t i o n  t h e  t h e o r e t i c a l  b a s i s  f o r  t h e  I n j u n  5 
t y p e  of P o y n t i n g  f l u x  measurement w i l l  b e  d e r i v e d  f o r  a  s i n g l e  
p l a n e  wave. The r e s t r i c t i o n  t o  a  s i n g l e  p l a n e  wave l i m i t s  
t h e  r e s u l t s  o f  t h i s  s e c t i o n  t o  phenomena such  a s  w h i s t l e r s ,  
d i s c r e t e  VLF e m i s s i o n s ,  and  o t h e r  phenomen f o r  which i t  i s  
r e a s o n a b l y  c e r t a i n  f rom t h e  t e m p o r a l  c h a r a c t e r i s t i c s  t h a t  
o n l y  a  s i n g l e  wave i s  p r e s e n t .  An e x t e n s i o n  o f  t h e s e  r e s u l t s  
t o  s i t u a t i o n s  where many waves p r o p a g a t i n g  i n  d i f f e r e n t  d i r -  
e c t i o n s  a r e  p r e s e n t  s i m ~ l t a n e o r ~ s l y ,  such  as may o c c u r  f o r  VLF 
h i s s  and  o t h e r  s t e a d y  s t a t e  n o i s e  phenomena, i s  p r e s e n t e d  i n  
t h e  n e x t  s e c t i o n ,  
The xyz c o o r d i n a t e  sys t em and  n o t a t i o n  u s e d  t o  
d e s c r i b e  t h e  wave c o r r e s p o n d s  t o  t h a t  u s e d  by S t i x  119621, i n  
which t h e  z - a x i s  i s  p a r a l l e l  t o  t h e  s t a t i c  m a g n e t i c  f i e l d  
and t h e  wave normal  i s  i n  t h e  x-z  p l a n e  a t  a n  s n g l e  8 r e l a t i v e  
Lo t h e  s t a t i c  m a g n e t i c  f i e l d ,  The e l e c t r i c  and m a g n e t i c  
a n t e n n a  a x e s  a r e  assumed t o  b e  o r i e n t e d  p a r a l l e l  t o  t h e  x '  
and y '  awes ,  r e s p e c t i v e l y ,  o f  t h e  s p a c e c r a f t  x " ' z '  c o o r d i n a t e  
sys t em,  When t h e  s p a c e c r a f t  I s  m a g n e t i c a l l y  o r i e n t e d ,  
%be z and z @  a x e e  c o i n c i d e ,  S i n c e  t h e  wave v e c t o r  c a n  b e  
at any  a r b i t r a r y  azimuth a n g l e  a r a u n d  t h e  s t a t i c  magnetic 
f i e l d ,  t h e  s p a c e c r a f t  c o o r d i n a t e  sys t em must  Be r o t a t e d  
a t  a n  a r b % t r a r y  a n g l e  $ r e l a t i v e  t o  t h e  wave c o o r d i n a t e  
s y s t e m  a s  shown i n  F i g .  1. Any d e v i a t i o n  f rom m a g n e t i c  
a l i g n m e n t  l e a d s  t o  a  d i s p l a c e m e n t  o f  t h e  e l e c t r i c  and  m a g n e t i c  
a n t e n n a  a x e s  f rom t h e  x-y p l a n e  by a n g l e s  6 E  and  d B ,  r e s p e c t -  
i v e l y ,  a s  shown i n  F i g .  1. 
Us ing  t h e  homogeneous e q u a t i o n  f o r  t h e  e l e c t r i c  f i e l d  
v e c t o r  g i v e n  by S t i x  [1.9621, and Maxwe l l ' s  s econd  r e l a t i o n ,  
t h e  f i e l d s  i n  t h e  wave c o o r d i n a t e  s y s t e m  a r e  g i v e n  by ( i n  
MKS u n i t s )  
Ex = e  Cos ( - o t ) ,  X Bx = bx S i n  ( - o t ) ,  
E = e S i n  ( - w t ) ,  Y B 3 b Cos ( - w t ) ,  Y Y Y 
E Z  3 e Cos ( - t o t ) ,  Z B Z  = b Z  S i n  ( - t a t ) ,  
where  
and S ,  P, and  D are t h e  d i e l e c t r i c  Lenaor  elemeats d e f i n e d  
by s t i x  619621, 
The i n s t a n t a n e o u s  P o y n t i n g  f l u x  a l o n g  t h e  s t a t i c  
m a g n e t i c  f i e l d ,  which  i s  t h e  component  o f  i n t e r e s t ,  i s  
g i v e n  by  
Comput ing  t i m e  a v e r a g e s ,  d e n o t e d  by t h e  symbol  < > ,  o v e r  
o n e  c o m p l c t c  p e r i o d  o f  Cos ( - a t ) ,  t h e  a v e r a g e  P o y n t i n g  f l u x  
a l o n g  t h e  s t a t i c  m a g n e t i c  f i e l d  i s  g i v e n  b y  
r- 
I \ 
1 2 n  Cos 0 I P I D + -------- < S Z 7  = -E 2 
L P - . ~  s i n 2  0 \ S-n2 j  
The o b j e c t i v e  i s  t o  d e t e r m i n e  t h e  s i g n  o f  < S Z >  i n  
e q u a t i o n  4 f r o m  t h e  m e a s u r e m e n t s  i n v o l v i n g  E a n d  H i n  x '  Y '  
t h e  s p a c e c r a f t  c o o r d i n a t e  s y s t e m .  U s i n g  t h e  a p p r o p r i a t e  
c o o r d i n a t e  t r a n s f o r m a t i o n  e q u a t i o n s  f rom t h e  u n p r i m e d  ( w a v e )  
c o o r d i n a t e s  t o  t h e  p r i m e d  ( s p a . c e c r a f t )  c o o r d i n a t e s  t h e  t i m e  
a v e r a g e  o f  t h e  c r o s s  p r o d u c t  E H 
x '  y" w h i c h  c a n  b e  d e t e r m i n e d  
f rom t h e  o b s e r v e d  f i e l d ,  i s  g i v e n  b y  
1 2  n  Cos 0 H , >  = -E P  2  y  Cos J, 2  0 u o  c  s i n 2  e 
n2 Cos 8 Sin 8 P Cos J, S i n  g E  
P-n2 sin2 B P-n2 sin2 o 
"in + Tan 8 Bin nB. 
In obtaining equations 5 and 6, it has been assumed that the 
deviations from magnetic alignment are small so that Cos 6 E  2 
COS 6 B  2 1. The term b represents the effect of any deviation 
from magnetic alignment. For exact magnetic alignment, 
6*  = 6 B  = 0 and A = 0. 
By comparing equations 4 and 5, it is seen that <Ex,n > 
Y' 
is proportional to < S Z > ,  
where the proportionality factor G ( B , + )  is given by 
From equation 7 it is evident that the sign of the z -  
component of the Poynting flux, z S Z z ,  will be %he same ss the 
sign of cEX,Hyt> if the proportionality factor G ( B , + )  is 
positive for s L L  wave normal angles, The esndPtPons for 
which c ( B , + )  is positive a r e  considered belowl 
A .  
Cons ide r  first t h e  c a s e  o f  e x a c t  m a g n e t i c  a l i g n m e n t ,  
f o r  which A = 0.  As i s  r e a d i l y  d e t e r m i n e d  from e q u a t i o n  8 ,  
~ ( 8  ,$I) i s  p o s i t i v e  f o r  a l l  a n g l e s  8 and  $ whenever  P<O. 
S i n c e  P = l - f2 / f 2 ,  t h i s  i n e q u a l i t y  i s  s a t i s f i e d  whenever  
pe  
t h e  wave f r e q u e n c y ,  f ,  i s  l e s s  t h a n  t h e  e l e c t r o n  plasma 
f r e q u e n c y ,  f . S i n c e  t h e  e l e c t r o n  p lasma f r e q u e n c y  i s  pe 
t y p i c a l l y  f rom 30 kHz t o  1 M H z  w i t h i n  t h e  magne tosphe re  t h i s  
c o n d i t i o n  i s  a lways  s a t i s f i e d  a t  VLF f r e q u e n c i e s .  Thus,  
f o r  e x a c t  magne t i c  a l i g n m e n t  t h e  d i r e c t i o n  o f  t h e  P o y n t i n g  
f l u x ,  up o r  down t h e  geomagne t i c  f i e l d ,  c a n  be  d e t e r m i n e d  
d i r e c t l y  f rom t h e  s i g n  of  t h e  c o r r e l a t i o n  < E x , H y , > '  
It s h o u l d  b e  n o t e d  f rom e q u a t i o n  7 t h a t  o n l y  two f i e l d  
q u a n t  i t  i c e ,  Ex, and H 
Y ' "  
a r e  n e c e s s a r y  t o  d e t e r m i n e  t h e  P o y n t i n g  
f l u x  d i r e c t i o n  ( u p  o r  down t h e  s t a t i c  magne t i c  f i e l d ) ,  whe reas  
t h e  z-component o f  t h e  P o y n t i n g  f l u x  a s  g i v e n  by e q u a t i o n  3 
i n v o l v e s  f o u r  f i e l d  q u a n t i t i e s :  Ex ,  E y ,  Hx, and H . The 
Y 
r e d u c t i o n  i n  t h e  number o f  f i e l d  measurements  r e q u i r e d ,  w h i l e  
s t i l l  a l l o w i n g  t h e  s i g n  o f  t h e  P s y n t i a g  f l u x  %a b e  d e t e r m i n e d ,  
h a s  been  made a t  t h e  expense  o f  b e i n g  a b l e  t o  d e t e r m i n e  t h e  
magn i tude  of  t h e  P o y n t i n g  f l u x ,  s i n c e  t h e  p r o p o r t i o n a l i t y  
f a c t o r  ~ ( 8 , $ )  i n v o l v e s  t h e  wave normal  angle  8 and t h e  
azimuth a n g l e  $ which a r e  unknown, 
B ,  D e v i a t i o n s  Prom E x a c t  
When d e v i a t i o n s  f rom m a g n e t i c  a l i g n m e n t  o c c u r  t h e  
t e r m  A i n  e q u a t i o n  8 i s  n o n - z e r o .  Depend ing  on t h e  d e t a i l e d  
m i s a l i g n m e n t  a n g l e s ,  b E  a n d  6B, t h e  s i g n  o f  A c a n  b e  e i t h e r  
p o s i t i v e  o r  n e g a t i v e .  I f  A i s  n e g a t i v e  a n d  t h e  m i s a l i g n m e n t  
i s  s u f f i c i e n t l y  l a r g e ,  t h e n  t h e  s i g n  o f  G ( o , $ )  may b e  n e g a t i v e  
f o r  some wave n o r m a l  d i r e c t i o n s ,  i n  w h i c h  c a s e  t h e  P o y n t i n g  
f l u x  d i r e c t i o n  d e t e r m i n a t i o n  c a n  b e  i n  e r r o r .  
The c o n d i t i o n  t h a t  G ( o , $ )  b e  p o s i t i v e  when m i s a l i g n m e n t  
e r r o r s  a r e  i n c l u d e d  c a n  b e  w r i t t e n  
where  F is t h e  p o s i t i v e  t e r m  (when P<O) 
. = (  P-n 2p  S i n  J C o s 2 $  +(%)' S-n s i n 2 $  
i n  t h e  n u m e r a t o r  o f  e q u a t i o n  8 ,  
The c o n s t r a i n t s  imposed  upon t h e  a l l o w a b l e  m a g n e t i c  
m i s a l i g n m e n t  a r e  b e s t  i l l u s t r a t e d  b y  c o n s i d e r i n g  t h e  l i m i t i n g  
c a s e s  o f  $=O a n d  + = T T / ~ .  
(1) F o r  $=O t h e  c o n d i t i o n  A>-F s i m p l i f i e s  t o  
At VLF frequencies in the ionosphere and magnetosphere t h e  
absolute value of B in the denominator of equation 11 is 
normally very large, typically lo4 to lo6. Thus, except for 
very large refractive indices the condition given by equation 
11 is always satisfied, even for sizeable misorientations 
of the electric antenna, The physical reason for this insen- 
sitivity to the electric antenna orientation is that when 
I P I  r ,  n2 the large conductivity parallel to the static 
magnetic field constrains the electric field Lo a plane 
nearly perpendicular to the static magnetic field (see 
equation 2 for the ratio e Z  to e x )  Thus, misalignments 
of the electric antenna from the x-y plane do not significantly 
affect the phase of the detected electric field signal, except 
for misalignment angles so large as to violate the original 
assumption of small misalignment angles, 
For very large refractive indices (n2 2 I P I  ) equation 11 
can be violated only for small wave normal anglee ( 8  6E)e 
However, a large refractive index at a small wave normal angle 
can only occur near the electron gyrofrequency for the whistler 
mode or near the ion cyclotron frequency for the ion cyclotron 
mode. 1% is expected that this condition could be identified 
from the large dispersion, the large magnetic t o  electric 
field intensity, and other effects which are sbscrvea near a 
(2) For $ = 512 the condition A<-F sfmpLiFEes to 
Tan 0 Sin d B  < 1. (12) 
For small misorientations of the magnetic antenna equation 12 
is satisfied for all wave normal angles 0 less than (n/2 - dB). 
Since 1 3 ~  is typically of the order of lo0 or less for Injun 5, 
errors in the Poynting flux determination due to misalignment 
of the magnetic antenna on this spacecraft can occur only for 
waves propagating very nearly perpendicular to the static 
magnetic field. Physically this error occurs when the magnetic 
antenna axis becomes perpendicular to the plane of rotation 
of the wave magnetic field. 
The form of equation 6 for A provides a simple method 
of testing whether magnetic alignment errors are causing an 
error in the Poynting flux direction determination. As can 
be seen from equation 6, the sign of A is determined by the 
signs of 6E and 6B. Of the four possible combinations of 
signs for d E  and 6B at least one will result in a positive 
sign for A, in which case G ( B , $ )  must be poeitive, Thus, if 
<Ex,By,> is con~istently observed to here the #&me sign 
for all Pour combinatione of the sign8 of 6E and b g  then 
it cwn be concluded that the magaa$ic mSsalignmeat errors 
are not producing an error in the Poyating %lux deter- 
mination, F e r  a msgaetieslly ~riasLed e a t c l 2 i t e  %he angles 
tiE and 6 B  oscillate about zero with a characteristic period 
on the order sf a Pew minutes so that all possible sign 
combinations for 6E and 6 B  can be easily obtained. The 
angles 6E and d B  can be determined from a magnetometer on 
the spacecraft. 
III .  EXTENSION OF THE THEORY TO MULTIPLE WAVES 
When many waves w i t h  d i f f e r e n t  n a v e  no rma l  a n g l e s  a r e  
p r e s e n t  s i m u l t a n e o u s l y  t h e  i n t e r p r e t a t i o n  o f  t h e  measured  
c o r r e l a t i o n  < E x , H  > i n  t e r m s  o f  t h e  P o y n t i n g  f l u x  must b e  
Y '  
c a r e f u l l y  c o n s i d e r e d  s i n c e  t h e  p r o p o r t i o n a l i t y  f a c t o r  ~ ( 8 , $ )  
i s  u s u a l l y  n o t  i s o t r o p i c ,  t h e r e b y  g i v i n g  a  nonun i fo rm w e i g h t i n g  
t o  d i f f e r e n t  wave normal  d i r e c t i o n s .  A s  w i l l  b e  shown, i f  
cEx ,Hy ,>  i s  o b s e r v e d  t o  b e  p o s i t i v e  ( o r  n e g a t i v e )  t h e n  it 
c a n  b e  c o n c l u d e d  t h a t  a t  l e a s t  some o f  t h e  waves must have  a 
P o y n t i n g  f l u x  i n  t h e  p o s i t i v e  ( o r  n e g a t i v e )  z - d i r e c t i o n ,  
However, t h e r e  may a l s o  b e  waves w i t h  P o y n t i n g  f l u x e s  i n  t h e  
o p p o s i t e  d i r e c t i o n ,  and t h e  r e l a t i v e  i n t e n s i t y  o f  t h e s e  waves 
c a n n o t  b e  d e t e r m i n e d  w i t h o u t  f u r t h e r  i n f o r m a t i o n  on t h e  wave 
normal  a n g l e s  i n v o l v e d .  Only u n d e r  c e r t a i n  r e s t r i c t e d  con-  
d i t i o n s  i s  it p o s s i b l e  t o  d e t e r m i n e  t h e  s i g n  o f  t h e  a v e r a g e  
P o y n t i n g  f l u x  o f  a l l  t h e  waves ,  These  c o n c l u s i o n s ,  which 
were  men t ioned  b u t  n o t  d i s c u s s e d  by Mos ie s  and O u r n e t t  119693,  
a r e  d e r i v e d  and d i s c u s s e d  i n  d e t a i l  b e l o w ,  
T f  s e v e r a l  waves a r e  p r e s e n t ,  t h e  measured  c o r r e l e t i o n  
' E , , H y t )  c a n  be  expanded as 
where the summations are over the individual waves, If it 
is assumed that the individual waves are uncorrelated, then 
the second summation in equation 13 will average to zero 
yielding 
The assumption of uncorrelated waves is generally considered 
reasonable because waves with different wave normal directions 
can be assumed to have originated from different independent 
source regions. Possible violations of this assumption can 
occur if there are multiple ray paths from the source t~ the 
satellite due to reflections or1 other re fnrae thsn  effects 
within the ionosphere* 
For the individual waves we have from equation 7 
which when combined w i t h  equation 14 g i v e s  
Equation 16 shows t h a t  the contribution to < E  H > 
x h Y S  
from each wave is weighted by the function G(B,+). The pro- 
portionality factor ~(8,q) therefore plays %he role of an 
effective "antenna pattern" for the measurement of the z- 
component of the Poynting flux, Since G ( o , $ )  is positive 
(subject to the restrictions discussed in the previous section), 
it is evident that if <Ex,R ,> is observed to be positive 
SP 
(or negative) then It can be concluded that at %east some 
of the waves must have a Poynting flux in the positive (or 
negative) z-direction, Only if G(B,$) is isotropic, however, 
will the measured correlation be proportional to the sum of 
the Poynting flux of the individual waves, 
The weighting function ~ ( 8 , $ )  has been investigated 
to determine when it is possible to interpret the sign of 
<Ex,Hy,> as the sign of the average Poynting flux. To 
simplify the discuseion it will be assumed that the spacecraft 
is perfectly aligned (A=o) and that the condition I P I  > >  
n2 sin2 8 (with PCO) is satisfied. From the algebraic form 
of the equation for n(0) ( s e e  Stix, 1 9 6 2 )  it can be shown %ha% 
GCB , $ )  is symmetric about the plane B = 908. Therefore, 
upgoing and downgoing wavee with the same wave normal angle 
are weighted equally. G ( 8 , $ )  i s  also eymmetrie about the 
$ 3 0' and I# = 90' planeso A t  t# = 90" G ( B , $ )  approaches zero 
as the refractive i n d e x  appraaehea  I n f i n i t y  a t  % h e  resonance 
c o n e  a n g l e ,  If there is no r e s o n a n c e  cone, then ~ ( 8 , $ )  i s  
non-zero and positive for all wave directions, I% can be 
shown that if G(B,$) 1s averaged over $, weighting all values 
of $ equally, the resulting average is independent of the 
wave normal angle. Near any gyrofrequency, where D and S 
approach infinity, G(@,$) becomes isotropic for the fast 
mode of propagation. 
Polar plots computed to illustrate the general features 
of G ( B , $ )  are shown in Fig. 2 at frequencies of $00 Hz, 
2.5 kHz, and 10.0 kHz for typical ionospheric plasma para- 
meters. At 500 Hz, which is close to the proton gyrofrequency 
at 607 Hz, G(@,$) is seen to be nearly isotropic as expected 
from the above discussion. At higher frequencies the weighting 
function becomes more anisotropic (doughnut shaped), with a 
sharp minimum at 8 = 90' and $ = 90' or 270'. Above the lower 
hybrid resonance frequency, which is at 6.2 kHz in this case, 
G(@,$) goes to zero at the resonance cone angle for $ = 90' 
or 270'. 
From these results the following conclusions can be 
made concerning the possibility of determining the sign of 
the z-component of the Poynting flux from the sign 
of cEx,Hy,). 
(1,) Near any gyrofrequency G(B,$) becomes nearly 
isotropic for the faet mode of propagation. 
Therefore near %he p s s t s n  gyrofrequeacy, for 
example, %he sign of  t h e  average Poynting f l u x ,  
up o r  down the magnetic field, can be determined 
for the extraordinary (whistler) mode. 
Because G(o,$) averaged over all azimuth angles 
is independent of the wave normal angle, the sign 
of the average Poynting flux, up or down the 
static magnetic field, can be determined if 
there is reason to believe that the wave normal 
angles are uniformly distributed in the angle $, 
For example, if for a certain phenomena e E  W ,> 
x' Y 
is always observed to be positive (or negative) 
for successive observations in which the satellite 
has rotated randomly in azimuth about the 
static magnetic field (to assure a uniform dis- 
tribution to $ values) it may be concluded that 
the average value of the z-component of the 
Poyating flux is positive (or negative). 
IV. DISCUSSION 
A l t h o u g h  t h i s  P o y n t i n g  f l u x  m e a s u r e m e n t  t e c h n i q u e  i s  
i d e a l l y  s u i t e d  f o r  m a g n e t i c a l l y  s t a b i l i z e d  s a t e l l i t e s  t h e  same 
t e c h n i q u e  a n d  t h e o r y  c a n  a l s o  b e  a p p l i e d  t o  v a r i o u s  o t h e r  
g e o m e t r i e s .  S i n c e  t h e  e l e c t r i c  a n t e n n a  o r i e n t a t i o n  r e l a t i v e  
t o  t h e  s t a t i c  m a g n e t i c  f i e l d  i s  n o t  a s  c r i t i c a l  a s  t h e  mag- 
n e t i c  a n t e n n a  o r i e n t a t i o n ,  i t  may b e  a d e q u a t e  t o  o n l y  a l i g n  
t h e  m a g n e t i c  a n t e n n a  p e r p e n d i c u l a r  t o  t h e  g e o m a g n e t i c  f i e l d ,  
F o r  e x a m p l e ,  on  a n  e a r t h  s t a b i l i z e d  s p a c e c r a f t  i n  a  low e a r t h  
o r b i t  t h e  m a g n e t i c  a n t e n n a  a x i s  c o u l d  b e  o r i e n t e d  e a s t - w e s t  
( w h i c h  w o u l d  b e  a l w a y s  n e a r l y  p e r p e n d i c u l a r  t o  t h e  s t a t i c  
m a g n e t i c  f i e l d )  a n d  t h e  e l e c t r i c  a n t e n n a  c o u l d  b e  o r i e n t e d  
n o r t h - s o u t h .  T h i s  o r i e n t a t i o n  would  b e  e x p e c t e d  t o  g i v e  good 
P o y n t i n g  f l u x  d a t a  a t  m i d d l e  a n d  h i g h  l a t i t u d e s  w h e r e  t h e  geo-  
m a g n e t i c  f i e l d  i s  n e a r l y  v e r t i c a l ,  On a  s p i n n i n g  s a t e l l i t e  
t h e  m a g n e t i c  a n t e n n a  a x i s  c o u l d  b e  o r i e n t e d  p e r p e n d i c u l a r  t o  
t h e  s p i n  a x i s  s o  t h a t  t h e  m a g n e t i c  a n t e n n a  a x i s  w i l l  b e  p e r -  
p e n d i c u l a r  t o  t h e  s t a t i c  m a g n e t i c  f i e l d  t w i c e  p e r  r o t a t i o n  
a t  w h i c h  t i m e s  P o y n t i n g  f l u x  m e a s u r e m e n t s  c a n  b e  made if 
t h e  e l e c t r i c  a n t e n n a  d o e s  n o t  make Loo l a r g e  a n  a n g l e  with 
t h e  s t a t i c  m a g n e t i c  f i e l d  a t  t h e s e  L i m e s ,  
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FIGURE CAPTIONS 
F i g u r e  1. A n t e n n a  a n d  wave n o r m a l  o r i e n t a t i o n s  s h o w i n g  t h e  
a z i m u t h a l  r o t a t i o n  a n g l e  $ a n d  t h e  a n t e n n a  m i s -  
a l i g n m e n t  a n g l e s  d E  a n d  dB. 
F i g u r e  2 .  P o l a r  p l o t s  o f  t h e  p r o p o r t i o n a l i t y  f a c t o r  G ( B , $ ) .  

POLAR PLOT OF G ( 8, JI ) 
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